Abstract This study presents a classification for subaqueous clay-laden sediment gravity flows. A series of laboratory flume experiments were performed using 9%, 15%, and 21% sediment mixture concentrations composed of sand, silt, clay, and tap water, on varying bed slopes of 6 ∘ , 8 ∘ , and 9.5 ∘ , and with discharge rates of 10 and 15 m 3 /hr. In addition to the characteristics of the boundary and plug layers, which have been previously used for the classification of open-channel clay-laden flows, the newly presented classification also incorporates the treatment of the free shear layer. The flow states within the boundary and free shear layers were established using calculation of the inner variable, self-similarity considerations, and the magnitude of the apparent viscosity. Based on the experimental observations four flow types were recognized: (1) a clay-rich plug flow with a laminar free shear layer, a plug layer, and a laminar boundary layer, (2) a top transitional plug flow containing a turbulent free shear layer, a plug layer, and a laminar boundary layer, (3) a transitional turbidity current with a turbulent free shear layer, no plug layer, and a laminar boundary layer, and (4) a fully turbulent turbidity current. A connection between the emplaced deposits and the relevant flow types is drawn and it is shown that a Froude number, two Reynolds numbers, and a dimensionless yield stress parameter are sufficient to associate an experimental flow type with a natural large-scale density flow.
Introduction
Volumetrically, submarine sediment density flows are the most dominant sediment transport mechanism on our planet (Talling et al., 2012) . Such flows have resulted in the formation of some of the thickest depositional accumulations on Earth. Enhanced understanding of their occurrence, evolution, and deposition are beneficial for predicting recurrence interval of large tsunamis and protection of offshore infrastructure against natural hazards (Arai et al., 2013; Mulder & Cochonat, 1996) . Furthermore, in 1999 it was estimated that the deposits of these flows host approximately 1200 to 1300 oil and gas fields (Stow & Mayall, 2000) , many of which are giants (>500 million barrels oil equivalent). The discovery of such oil and gas fields has considerably increased in the past decades, particularly in offshore settings. The quality of oil and gas reservoirs is primarily controlled by grain size and clay concentration of the flows that deposit these sediments Several attempts have been made in the past to connect structures of transitional density flows to their resulting deposits. Felix et al. (2009) presented a generic classification scheme for flows transitional between a concentrated debris flow and a high-density turbidity current. In their work they connect five distinct flow types with their possible resulting deposit based on concentration and rheological properties of the fluid. The structures of the flows producing these deposits, however, are not fully explored or quantified in their work. In this work we focus on the flow structures and aim to connect the resulting deposits to the flow structures. Baas et al. (2009) studied turbulent properties of transitional flows and presented a phase diagram for clay-laden open-channel flows on the basis of the balance between turbulent and cohesive forces. Following this work, they then studied the behavior of rapidly decelerating flows of mixtures of sand, silt, and clay and the influence of variations in clay concentration on the bed forms and the stratification produced (Baas et al., 2011) . Sumner et al. (2009) used flume experiments to investigate linked debrite-turbidite deposits of waning density flows composed of a fixed amount of sand and variable mud fractions. In their work, they recognized four different deposit types which they then connected to the phase diagram of Baas et al. (2009) . The contributions following from the work of Baas et al. (2009) illuminate depositional types as related to flow structure for clay-rich open-channel flows. Such a classification does not exist for clay-rich subaqueous density flows. While the flow structure of turbidity currents is relatively well understood (Altinakar et al., 1996; Islam & Imran, 2010; Kneller et al., 1999; Meiburg & Kneller, 2010) , the flow structure of subaqueous clay-rich density currents that are thought to deposit hybrid beds has not been comprehensively documented yet (Felix et al., 2009) . Manica (2012) performed a series of lock-exchange experiments on sediment gravity flows based on which six flow types were recognized according to the hydrodynamic, depositional, and rheological properties of the flows. He then connected the spatial evolution of these flows and their deposits to the flow types. The work of Manica (2012) presents an in-depth analysis of the effects of sediment concentration and rheological effects of clay on the deposition processes. However, it does not provide a quantified view of the vertical flow structures based on nondimensional parameters. Here we aim to expand on this front.
The aims of this paper are threefold: (1) To present a classification of flow types intermediate between end-member debris flows and turbidity currents based on observed flow structures; (2) To link the flow types to their typical deposits; and (3) To present a set of scaling parameters that can be used to relate small-scale flume experiments to the large-scale natural flows.
To this end, a series of experimental runs were performed on mixtures composed of (1) sand, silt, clay, and water and, (2) sand, clay, and water. During the experiments the sediment concentration of the mixture, the bed slope, and the discharge rate were systematically varied. Velocity data were obtained using two Ultrasonic Doppler Velocity probes and rheometry measurements were performed on the mixtures to obtain apparent viscosity data. Three regions were then recognized within the velocity profile of a density flow. Reynolds number, Froude number, and yield stress were calculated in order to classify and scale subaqueous density flows. The resulting deposit from each experimental run was analyzed to make the connection to the types of flows. 
Methods
In section 2.1 the experimental setup is explained. In section 2.2, three length scales are introduced which are used in section 2.7 to define a set of dimensionless parameters. In order to evaluate the regime of the flow within the boundary and free shear layers, sections 2.3-2.6 present the procedures that are followed for the various necessary parametrizations of the results. Finally, for scaling purposes, a Froude number, two Reynolds numbers for the boundary and free shear layers, and a dimensionless yield stress parameter are defined in section 2.7.
Experimental Setup
Experiments were performed in a 3.7 m long, 0.22 m wide, and 0.5 m high flume with glass side walls and an adjustable slope located at the Eurotank Laboratory at Utrecht University (Figure 1 ). To mitigate back flow, a wooden board was used to split the flume into two sections of 0.10 m wide (top view in Figure 1 ). Quartz sand from Sibelco with a median diameter of 150 μm was glued on the nonerodible bed to provide roughness.
Glass granules obtained from Kuhmichel Abrasiv B.V. in the Netherlands with a median diameter of 46 μm was used as silt material and Crown Kaolinite clay from ActiveMinerals International, with a median diameter of 0.18 μm was used as clay material (Figure 2 ). The same quartz sand material as the one glued to the bed was used to prepare the mixtures.
In order to incorporate the influences of sediment composition in this study, 14 runs were performed with sand, clay, and tap water and 15 runs were performed with sand, silt, clay, and tap water. The sediment volume concentration was varied between 9%, 15%, and 21% and contained 2∕3 sand and 1∕3 clay for the runs without silt and 1∕3 sand, 1∕3 silt, and 1∕3 clay, for the runs including silt. An overview of the runs is given in Table 1 .
The data from some of the runs were omitted from the data set. Runs 5 and 6 failed due to technical issues and were omitted from the data set. For run 14, a mixture with a 30% sediment concentration was pumped onto a 9.5 ∘ bed slope. Upon entering the flume the sediment deposited immediately and, therefore, no flow velocity could be measured. The data for this run were therefore omitted from the data set. Some mixtures had different pH levels compared to others. Runs containing silt were basic and had a pH close to 10. This resulted in less flocculation for these runs compared to those without silt, which had a pH of approximately 5.
Before the experiments the mixture was stirred for 30 min to 2 hr in a 0.45 m 3 mixing tank and the flume was filled with tap water. The sediment mixture was then pumped into the flume. The discharge rate was monitored by a magnetic discharge meter (Krohne Optiflux 2300) and regulated to 10 or 15 m 3 /hr by a Labview control system. Upon exiting the flume the sediment mixture flowed into an expansion tank (Figure 1 ) such that reflections had a minimal impact on the experimental measurements.
To obtain velocity profile measurements, two Ultrasonic Doppler Velocity Profiler (UVP) probes (Duo MX, 1 MHz) were placed at 0.7 and 2.7 m distance from the inlet, at a height of 0.11 m above the bed and with an angle of 60 ∘ to the bed, facing upstream (Figure 1 ). Each probe emitted and received 32 bursts, Figure 3 . A representative example of experimental measurements: (a) Free shear layer, plug layer, and boundary layer length scales, (b) shear rate profile, and (c) viscosity profile, for run 15. The dotted black line in (a) depicts the interpolated velocity data. The boundary layer viscosity, BL , and the plug layer viscosity, PL , in (c) were obtained by averaging the viscosity data within the boundary and plug layers. Within the free shear layer the viscosity was obtained by linear interpolation, as will be explained in section 2.3.
followed by a dead time of approximately 10 ms before the burst sequence of the second probe. The duration of each burst was 5 μs. The time resolution of a burst sequence was 0.16 ms. The time between successive burst sequences of a single probe was 0.22 s. The thickness of a measurement bin along the z direction was 0.64 mm. The velocities parallel to the bed were calculated from the measurements and used to obtain a velocity profile. The total duration of each flume measurement was approximately 1 min and was long enough to obtain a steady state velocity profile.
Length Scale Definitions
Clay-rich sediment density flows consist of three vertically stacked regions: (1) a free shear layer at the top, (2) a plug layer, and (3) a basal boundary layer. Therefore, three length scales, FSL , PL , and BL can be attributed to the sizes of the free shear layer, the thickness of the plug layer, and the thickness of the boundary layer, respectively. These are depicted in Figure 3a . The boundary layer thickness, BL , is defined as the distance from the bed to the position where the time-averaged velocity,ū, becomes approximately equal to 0.99ū max , whereū max is the maximum time-averaged velocity above the bed. The plug layer thickness, PL , is defined as the distance above the boundary layer to the position where the time-averaged velocity first falls below approximately 0.99ū max (Figure 3a) . The free shear layer thickness is defined as the distance from the top of the plug layer to the point of maximum vorticity, called the inflection point. The flow height, H, is defined as the distance from the bed to the inflection point (Figure 3a) . In order to obtain the position of the bed, that is, the position of the top of the deposit emplaced over the bottom of the tank, the time-averaged velocity (ū) profile data obtained from the transceiver were used to pinpoint the position of the minimum velocity coinciding with approximately the distance of the UVP from the bed, as demonstrated for a typical velocity profile result in Figure 4 . The profile recorded below the bed position in Figure 4 is due to the data received after the signal is reflected off the bed. Close to the bed, the measurement volume spans from the bed to a certain location above the bed. Consequently, within this measurement volume the velocity of the fluid varies from zero, at the bed, to a nonzero value, above the bed. Since postprocessing is performed on the velocity recordings made from this finite measurement volume in the vicinity of the bed, the resulting velocity at the bed is not assigned a zero value.
The position of the inflection point was obtained by first linearly interpolating the velocity data over approximately 17 uniformly spaced elements (for some runs different number of elements resulted in a better accuracy) and then differentiating the resulting curve to obtain a shear rate profile (Figure 3b ). The element with the minimum shear rate was then associated with the inflection point. For computational purposes, the position of the top of the element corresponding to the inflection point was used as the vertical position of the inflection point (Figure 3b ). The accuracy of pinpointing the vertical position of the inflection point from this process was approximately 0.006 m, that is, each element spanned a vertical distance of approximately 0.006 m.
For some of the runs the velocity data extended above the position of the UVP; therefore, logarithmic extrapolation was used to estimate the position where the time-averaged velocity first became zero in the top part of the flow (Figure 3a) . The distance from the top of the plug layer to the position where the time-averaged velocity is approximated to be zero is called h (Figure 3a ).
Laminar Apparent Viscosity Measurements
The apparent viscosity of the flow can carry important information regarding the regime of the flow. In this section we present the procedure that was followed for obtaining laminar apparent viscosity data for the sediment mixtures. This laminar apparent viscosity data will be used (1) to evaluate the regime of the flow and (2) to define dimensionless parameters in section 2.7.
The occurrence of clay in a density flow can greatly influence its behavior (Pratson et al., 2000) . The fluid in clay-laden flows is thixotropic, viscoelastic, and shear thinning (Coussot, 1997) . For such fluids, in steady state, the relation between shear stress, , and shear rate can be expressed as
where is the apparent viscosity, C is the concentration, anḋis the shear rate.
The apparent viscosities of the mixtures used in the experiments were measured in a rheometer. Mixtures containing the same sediment composition and concentration as presented in Table 1 were prepared. Stress controlled tests were performed on these mixtures using an MRC302 Anton Paar rheometer, and the apparent viscosity was measured at various shear rates ( Figure 5 ). In order to prolong the settling duration the concentric cylinder geometry was used. The duration of the measurement for obtaining each data point was chosen to be 10 s and was considered long enough to ensure near-equilibrium conditions. For shear rates lower than approximately 10 −3 s −1 , the precision of the measurements was low for mixtures of 15% and 21% sediment concentration ( Figure 5 ). Therefore, for computational purposes only apparent viscosity data obtained for shear rates between 10 −3 s −1 and approximately 100 s −1 were considered. Figure 5 shows that in general, sand-silt-clay-water mixtures had lower apparent viscosities compared to the sand-clay-water mixtures.
Since the head of the flow was not the subject of the current study, the effects of hydroplaning were neglected and the density of the fluid within the boundary and plug layers was assumed to be equal to that of the fluid within the mixing tank (Mohrig et al., 1998) . Therefore, it was assumed that the apparent viscosity measured with the rheometer corresponds to the apparent viscosity of the fluid within the boundary and plug layers and varies only as a function of the shear rate at these locations (equation (1)). The apparent viscosities corresponding to the shear rates obtained from the velocity data, as in Figure 3b , were then obtained from the rheometer measurements by interpolating the apparent viscosity data for different shear rates and reading off the corresponding values. The number of elements used for interpolating the shear rate data were therefore accordingly adjusted for some runs to avoid an element having a shear rate lower than 10 −3 s −1 within, for example, the plug layer region (Figure 3b ). Consequently, for every shear rate profile obtained from velocity data, an apparent viscosity profile was obtained for the boundary and the plug layers. The apparent viscosity profile was then averaged within these two regions to obtain a mean viscosity for the boundary layer, here referred to as BL , and a mean viscosity for the plug layer, here referred to as PL .
Within the free shear layer and above the inflection point (specified as h in Figure 3a ) the apparent viscosity varies between PL at the plug and that of water, w = 0.001 Pa ⋅ s, at the assumed height of h. Therefore, the following simple linear approximation was used to obtain the value of the apparent viscosity at the inflection point,
Figure 3c depicts an example viscosity profile obtained for run 15. Since viscometric flows are laminar, the apparent viscosities obtained following the procedure described in this section are referred to as laminar apparent viscosities.
Shear Stress Profile
We extend the common definition of the shear stress profile of density flows to density flows containing a plug layer. This stress profile together with the shear rate profile ( Figure 3b ) are used to obtain a compounded apparent viscosity in section 2.5.
For viscoelastic fluids, the shear stress is composed of a viscous-fluid part and an elastic-solid part (Tanner, 2000) . While the viscous-fluid part is dependent on viscosity and velocity gradient, the elastic-solid part is dependent on the strain and elastic modulus and accounts for the solid deformations that the material undergoes. Within the boundary and free shear layers, the viscous-fluid part dominates. In the plug layer on the other hand, the elastic-solid part prevails. Therefore, in the plug layer the shear stress is predominantly related to the solid deformation of the suspension and not with the viscosity and the velocity gradient.
For a steady flow in equilibrium with only gravity and shear stress forces, the momentum equation can be written as,
where and w are fluid and water densities, and is the bed slope. Integrating this equation from the bed to the midpoint of the plug layer, where the stress is assumed to be zero, yields,
where b is the stress at the bed.
The top and bottom of the plug layer are the two locations where the shear stress is equal to the yield strength of the plug. Within the boundary layer, the shear stress therefore varies between b at the bed and the yield stress, y , of the plug layer at the height z = BL , with z = 0 at the bed. Within the top part of the flow, the shear stress varies between the yield stress, y , of the plug layer at z = BL + PL , and zero at z = BL + PL + h.
Using linear approximation, for every run a stress profile can be estimated ( Figure 6b ). Within this profile H is the approximated stress at the inflection point, y is the fluid yield stress, and
Compounded Apparent Viscosity
Since the stress and the shear rate profiles described in sections 2.4 and 2.2 were derived using velocity data obtained from the UVP probe measurements, they contain the information regarding the regimes of the flows. In this section this information is used to introduce the notion of a compounded apparent.
The viscous-fluid and elastic-solid behaviors of a viscoelastic fluid are encapsulated within the laminar apparent viscosity data obtained from the rheometer. However, within the boundary or the free shear layer, the flow may become unsteady or even turbulent. Therefore, the apparent viscosity maybe considered to be a function of the shear strain, , as well as the concentration and the shear rate. For a fluid flowing within the turbulent regime, the flow parameters can be decomposed into a time-averaged quantity denoted bȳand a fluctuating quantity denoted by ′ . Then using Taylor expansion, the apparent viscosity can be written as,
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Inserting equation (5) in (1) and collecting terms yields
wherēand ′ are the time-averaged and the fluctuating part of the shear stress, respectively.
Performing a time averaging procedure on the convective terms in the momentum equation results in the extra term u
, where ⃗ u = (u 1 , u 2 , u 3 ) is the velocity vector and i, j = 1, 2, 3. Lumping this expression with the fluctuating part of the shear stress yieldŝ
Factoring shear rate out of expression (7) yieldŝ
wherẽis called the compounded apparent viscosity and is composed of a laminar apparent viscosity, l =̄∕̇, and a turbulent apparent viscosity, t = (
The stress and the shear rate profiles described in sections 2.4 and 2.2 can be used to obtain average compounded apparent viscosities for the boundary layer,̃B L , and the free shear layer,̃F SL , similar to the laminar apparent viscosity data shown in Figure 3c .
The laminar apparent viscosity data obtained from the rheometer tests (section 2.3) correspond to the viscosity of the mixtures within the laminar regime, while the compounded apparent viscosity data computed from the stress and shear rate profiles of Figures 6b and 3b do not make such a restriction regarding the regime of the flow. Therefore, deviation of the former measured viscosity from the computed one is a measure of deviation of a flow from the laminar regime. In other words, this deviation can be seen as a measure of turbulence, albeit a qualitative one due to the approximations followed here. The ratios̃B L ∕ BL and̃F SL ∕ FSL will be used to evaluate the regimes of the flows within the boundary and free shear layers, respectively.
Due to the farther distance of the second UVP probe from the inlet compared to the first one, the flow at this location is assumed to be closer to steady equilibrium conditions. Therefore, it is suggested here that the data obtained from the second UVP probe satisfies the assumptions for calculating the compounded apparent viscosity profiles.
Inner Variable and Existence of Logarithmic Region
Ludwig Prandtl and Theodore von Kármán deduced that a turbulent boundary layer must contain a logarithmic overlap layer (White, 1991) . In order to evaluate the existence of a logarithmic overlap region and hence, the state of the flow within the boundary layer, the inner variable
is calculated, where is the density of the mixture within the mixing tank and u * is the friction velocity approximated by
In this expression, is the bed slope,H = , with w representing the water density, s , the sediment density, and f the fluid density.
Within the boundary layer, the viscous sublayer and the buffer layer extend from approximately 0 ≤ z + ≤ 30, and the logarithmic overlap region begins from approximately 30 < z + (White, 1991) . Therefore, a turbulent boundary layer containing a logarithmic overlap region is expected to have a maximum inner variable, z + BL , well above 30.
Reynolds Numbers, Froude Number, and Dimensionless Yield Stress Parameter Definitions
It was found that in order to differentiate various density flows, two Reynolds numbers for the boundary and free shear layers, a Froude number, and a dimensionless yield stress parameter are needed. The Reynolds numbers characterize the laminar or turbulent regime of a flow within the boundary and the free shear layers and are defined as
for the free shear layer (subscript FSL) and the boundary layer (subscript BL), respectively. In these expressions, U is the average velocity defined as
and for a specific run was obtained by integrating the interpolated velocity profile of the run (Figure 3a) , BP is the density of the mixture within the boundary and plug layers and was assumed to be equal to the density of the mixture within the mixing tank, and FSL is the density of the mixture in the free shear layer.
Within the free shear layer and above the inflection point the density varies between that of the plug layer to that of water at the height z = BL + PL +h. Therefore, the density at the inflection point was approximated by
The largest Kelvin-Helmholtz eddies which are created within the free shear layer and which contribute the most to the mixing in this region can be viewed to rotate about the inflection point, as this is the point of maximum vorticity (White, 1991) . Therefore, these eddies have a radius that spans from the top of the plug to the inflection point. Their diameter is approximately 2 FSL .
Following the definitions in (11), the laminar to turbulent transition zone starts at an approximate Reynolds number of 500. This is equivalent to a Reynolds number of 2,000 if the definition of the length scale in (11) is replaced by the hydraulic diameter (Wang & Plate, 1996) .
Using the definitions of the average velocity, U, and the flow height, H, the Froude number is defined as
For low concentration density flows the effect of density fluctuations on the inertial term in the momentum equation can be ignored. This is known as the Boussinesq approximation. This approximation falls apart for high concentration density flows. Therefore, a reduced gravity term is not considered here in the definition of the Froude number (Nappo, 2002).
The existence of a plug layer is here characterized by the dimensionless yield stress parameter,
, where y and Δ were defined in section 2.4.
Results
Flow Types
Based on the experimental results four different flow types were observed which are defined by different vertical stacking patterns of flow states. The data sets obtained for runs 18, 20, 22, and 25 exhibit distinct characteristics corresponding to these four different flow types and will be used as examples. In this section the velocity profile, the boundary layer structure, and the free shear layer structure of these four flow types are discussed in detail. , are depicted at 3.8 mm from the bed (red), at the point of minimum u ′ rms (yellow), and at the inflection point (green). UPV = Ultrasonic Doppler Velocity Profiler. Figure 7 depicts the velocity profiles of runs 18, 20, 22, and 25. Normalized velocity fluctuations,
Velocity profile
, where u is the recorded velocity andū is the time-averaged velocity, are also depicted at 3.8 mm from the bed, at the point of minimum root mean square of velocity fluctuations (u ′ rms ) and at the inflection point in the mixing layer.
Following a length scale analysis, the Kolmogorov length scales, the velocity amplitude spectrum, and the energy spectrum were calculated. Based on this analysis, it was observed that the measurement resolutions were not adequate for performing turbulence intensity calculations. Therefore, the velocity fluctuation data could only provide a qualitative means for the estimation of the level of turbulence.
From Figure 7a it can be observed that for run 18, the magnitude of velocity fluctuations is relatively small within the free shear layer, a large plug layer is visible within the velocity profile of this run, and the magnitude of velocity fluctuations is relatively small within the boundary layer. By contrast the data of run 20 (Figure 7b ) shows large velocity fluctuations within the free shear layer. A small plug layer is visible within the velocity profile of this run, and within the boundary layer the magnitude of velocity fluctuations is relatively small. The data for run 22 (Figure 7c ) resemble that of run 20, with the exception that no plug layer is visible within the velocity profile of this run. Finally, the data of run 25 (Figure 7d) show relatively large velocity fluctuations within the free shear layer, no plug layer, and relatively large velocity fluctuations within the boundary layer. Figure 8 shows the maximum inner variable versus the boundary layer Reynolds number for different runs. The vertical orange lines in these plots are located at Re ,BL = 500 and separate the laminar and turbulent regimes. The horizontal orange lines are located at z + = 30 and indicate termination of the buffer layer and the beginning of the logarithmic overlap region. It can be observed that the boundary layers of the runs with 21% sediment concentration, shown in black, extend from the bed until the end of the buffer layer. The boundary layers of the runs with 15% sediment concentration, shown in red, extend from the bed into the logarithmic region and terminate within this region. The boundary layers of the runs with 9% sediment concentration, shown in green, extend the furthest into the log-law region and have Reynolds numbers higher than 500. Therefore, the data suggest that the boundary layers of these runs are turbulent. Figure 9 shows the ratio of compounded apparent viscosity,̃B L , obtained as in section 2.5, to the laminar apparent viscosity obtained from rheometer tests, BL , versus the boundary layer Reynolds number, Re ,BL . It can be observed that for higher concentration runs, shown in black and red, the ratiõB L ∕ BL is low, indicating low levels of turbulence within the boundary layers of these runs. For the runs with 9% sediment concentration, shown in green, on the other hand, 10 <̃B L ∕ BL , indicating higher values of turbulent viscosity and turbulence levels within the boundary layers of these runs.
Boundary Layer Structure
The velocity fluctuation data, the maximum inner variable plots, and the apparent viscosity results suggest laminar and close to laminar boundary layer conditions for runs 18, 20, and 22, and turbulent boundary layer conditions for run 25.
Free Shear Layer Structure
A characteristic of fully developed turbulent flows is self-similarity (White, 1991) . For fully developed turbulent free shear layers, self-similarity entailsū inf ∕ū max → 0.5, whereū inf is the time-averaged velocity at the inflection point andū max is the maximum time-averaged velocity. Figure 10 shows the plots ofū inf ∕ū max versus Re ,FSL for different runs.
It can be observed that the runs with 21% sediment concentration, shown in black, have relatively high values ofū inf ∕ū max and fall within the laminar region. Various runs with 15% sediment concentration, shown in red, have high values ofū inf ∕ū max and fall within the laminar region, while the others have low values of u inf ∕ū max and fall within the turbulent region. The runs with 9% sediment concentration, shown in green, havē u inf ∕ū max ≲ 0.67 and fall within the turbulent region.
Self-similarity of fully turbulent free shear flows also entails the collapse of all properly scaled free shear layer velocity profiles onto each other. Figure 11a depicts the scaled free shear layers of 11 runs at the location of the second UVP probe. These 11 runs were chosen out of the total number of runs for the sake of clarity in presentation. In this figure, 0.99ū max is the time-averaged velocity above the plug layer (Figure 3a) ,ū(H) is the time-averaged velocity at the height H,ū is the time-averaged velocity with range [ū(H), 0.99ū max ], and z is the distance above the bed and varies between BL + PL and H. It can be seen that the free shear layers of the majority of the runs with 21% sediment concentration fall above those of runs with 15% and 9% sediment concentrations. Figure 11b shows the scaled free shear layers of run 18 at the location of the second UVP probe, and runs 20, 22, and 25 at the location of the first UVP probe. It can be seen that the free shear layer of run 18 is recognizable and falls above those of the other runs. This deviation from the self-similar and hence fully turbulent flow for run 18 is in agreement with the high values ofū inf ∕ū max for this run, and the low velocity fluctuations observed within the free shear layer of this run (Figure 7 ). Figure 12 shows the ratio of compounded apparent viscosity within the free shear layer,̃F SL , obtained as in section 2.4, and the laminar apparent viscosity, FSL , obtained from rheometer tests, versus the free shear layer Reynolds number, Re ,FSL . Figure 12 it can be observed that for higher concentrations the ratiõ FSL ∕ FSL decreases toward one. Higher viscosity ratios are reached at higher Reynolds numbers, suggesting higher turbulence levels for more dilute flows within the free shear layer. The increase in viscosity ratio is less pronounced in Figure 12 Within the free shear layer, the velocity fluctuation data (Figure 7) , the self-similarity results (Figures 10 and 11) , and the viscosity calculations ( Figure 12 ) suggest laminar conditions for run 18 and turbulent conditions for runs 20, 22, and 25. Figure 13 shows the deposits emplaced by the runs in Figure 7 . The classification scheme of Talling et al. (2012) is used for each layer, and the classification scheme of Sumner et al. (2009) is used for the complete deposits. The 21% sediment concentration flow of run 18, with a discharge rate of 10 m 3 /hr and on a bed slope of 6 ∘ , resulted in a very thin basal sand layer that was deposited by the body of the flow at the midsection of the flume (Figure 1 ). Once the run was close to termination and the discharge rate waned, the tail of the flow resulted in en masse deposition of a thick, uniform, mud-sand mixture throughout the flume, similar to the deposit Type IV of Sumner et al. (2009) . A top thin clay drape was deposited from the suspension after the flow stopped. Similar to run 18, the 15% sediment concentration flow of run 20, with a discharge rate of 10 m 3 /hr and on a bed slope of 9.5 ∘ , resulted in a thin bottom sand layer that was deposited from the body of the flow at the midsection of the flume. Once the run was close to termination and the discharge rate waned, the tail of the flow deposited a mud-sand layer throughout the flume. This layer was thinner compared to the mud-sand layer of run 18. A top thin clay drape was deposited from the suspension after the flow stopped. Similar to run 18, the deposit from this run resembles the deposit Type IV of Sumner et al. (2009) . Moving to a higher discharge rate of 15 m 3 /hr and a lower bed slope of 8 ∘ , the 15% sediment concentration flow of run 22 resulted in deposition of a bottom sand layer at the midsection of the flume and at the location of the second UVP probe. This sand layer was emplaced by the body of the flow. Once the run was close to termination and the discharge rate waned, the tail of the flow deposited a mud-sand layer throughout the flume. A top thin clay drape was deposited from the suspension after the flow stopped. The deposits from this run at the midsection of the flume and at the location of the second UVP probe resemble the deposit type III of Sumner et al. (2009) . The 9% sediment concentration flow of run 25, with a discharge rate of 10 m 3 /hr and a bed slope of 6 ∘ , resulted in deposition of a bottom sand layer throughout the flume. This sand layer was emplace by the body of the flow. Once the run was close to termination and the discharge rate waned, the tail of the flow deposited a mud-sand layer at the location of the first UVP probe, a planar sand and sand-silt lamination at the midsection of the flume, and a sand layer at the location of the second UVP probe. A top thin clay drape was deposited from the suspension after the flow stopped. The deposit from this run at the midsection of the flume resembles the deposit type I of Sumner et al. (2009) . At the location of the second UVP probe, this flow emplaced a deposit similar to the deposit Type II of Sumner et al. (2009) .
Similar to the boundary layer results, in
Sediment Deposits
It can be observed that in moving from run 18 to runs 20 and 22, the mud-sand layer becomes thinner and the basal clean sand layer forms an increasing proportion of the deposit. All in all, in moving from the top toward the bottom in Figure 13 , it can be seen that more sand is deposited by the low concentration flows that experienced higher velocity fluctuations within the boundary layer. Furthermore, while the velocity profiles of runs 20 and 22 show different flow structures (Figure 7) , their deposits do not differ much.
Discussion of Flow Types and the Resulting Deposits
Subaqueous density flows can be classified based on the existence of turbulence within the free shear and/or boundary layer and presence of a plug layer. A dense and cohesive flow whose primary sediment support mechanism is not turbulence and which is laminar within the boundary and free shear layers and contains a plug layer is referred to as a PF (Figure 14a ). The inflection point is relatively close to the plug for such a flow (Figure 14a ). During the experiments such a flow type resulted in either no deposition or deposition of a thin basal clean sand layer as in the case of run 18 in Figure 13 . The thin basal clean sand layer is attributed to the large amount of shearing within the boundary layer, which breaks up the gel structure created by the clay particles and dramatically decreases the yield stress and viscosity of the suspension (Ovarlez et al., 2012) . Since the turbulence levels are low within the boundary layer of PFs (i.e., low sand grain support by turbulence), this further facilitates the movement of sand particles through the boundary layer and allows them to settle, resulting in the deposition of a basal clean sand layer during the run. Once the discharge rate waned, within the tail region of the flow the yield stress of the fluid overcame the force of gravity and the flow froze, resulting in en masse deposition of a thick, uniform, mud-sand mixture. A top clay drape was deposited from the suspension after the flow stopped.
Higher slopes, lower sediment concentrations, or higher discharge rates, all amplify Kelvin-Helmholtz instabilities within the free shear layer. As these instabilities become more severe, the top free shear layer becomes turbulent, yet a plug may continue to exist and the boundary layer may remain laminar. This flow is referred to as top transitional PF (TTPF; Figure 14b ). If heavier grains are not supported within the turbulent free shear layer, they settle onto the plug layer and mix into the mud-sand mixture. Experiments showed that a TTPF can result in the deposition of a basal clean sand layer during the flow. This layer was covered by a mud-sand deposit from the tail and a mud drape which settled from suspension once the run was terminated.
As the plug erodes away, due to the top and the bottom stresses, within a TTPF, the boundary layer may still remain within the laminar regime because of higher concentrations close to the substrate where it is sheltered from outside fluctuations. When the plug disappears, the velocity profile begins to resemble that of a turbidity current, yet the boundary layer remains laminar. Such a flow is here referred to as a transitional turbidity current (TTC; Figure 14c ). Experiments showed that a TTC can result in the deposition of a basal clean sand layer during the flow. This layer was overlain by a uniform mud-sand mixture that was emplaced once the yield stress exceeded the gravitational forces within the tail region of the flow. A mud drape was emplaced on top of the deposits after the runs were terminated.
Finally, more dilution of the flow reduces the ability of the laminar boundary layer to withstand the outside disturbances and transition of the boundary layer is initiated by velocity perturbations induced by fluctuations within the external turbulent free shear layer (Thole & Bogard, 1996) . Once the boundary layer transitions from laminar to turbulent, the turbulent free shear layer and boundary layer begin to interact. This interaction is dictated by the size and strength of the eddies within these layers (Hunt et al., 1998; Thole & Bogard, 1996) . In this regime the sediment is mainly supported by turbulence and such a flow is referred to as a turbidity current (TC; Figure 14d ). Experiments showed that this flow type resulted in deposition of a massive bottom sand layer such as in the deposit of run 25 in Figure 13 . This layer was overlain by either a mud-sand mixture or a sand and sand-silt interlamination. In all cases a mud drape was deposited on top of the deposit after the run was terminated.
For turbulent flows in which turbulence levels are high enough to break the gel structure of the clay, the conditions are favorable for the deposition of sand and silt. If turbulence levels are just high enough to support the silt grains, only sand particles will be deposited. On the other hand if the turbulence levels are not high enough to support the silt grains, sand and silt are deposited together. If the flow is on the edge between these two regimes, it may move back and forth between them, that is, moving back and forth between depositing only sand and depositing sand together with silt. Such a flow results in the deposition of sand and sand-silt interlamination as in the deposit of run 25 at the midsection of the flume in Figure 13d . Higher turbulence levels that can support silt grains result in the deposition of clean bottom sand layer as in the deposit of run 25 at the location of the second UVP probe in Figure 13d . On the other hand, lower turbulence levels cannot efficiently separate the sand and silt from the clay and result in the deposition of a mud-sand mixture as in the deposit of run 25 at the location of the first UVP probe in Figure 13d . The orange arrows indicate turbulent regions with Reynolds numbers higher than 500. Three deposit types were observed for TCs, as was explained in Figure 13 for run 25.
The deposits investigated in this study show that both the effect of the flow type and rheology as well as the time evolution of the passage of flow are important in the formation of the structures within a deposit. The deposit emplaced by a flow in steady state at a certain location is solely dependent on the structure of the flow at that location. For clay-rich flows, however, the deposits are mainly the result of a time-dependent decrease in the flow height and dominance of the yield strength of the fluid over the force of gravity. For dilute clay-laden flows, time dependence may be in the form of fluctuations in the turbulence levels which manifests itself in the form of laminations within the deposit. All in all, the structure of the deposit at a location is a result of the flow structures at that location as well as the time-dependent variations in the flow height and turbulence levels. Table 2 presents different flow types resulting from permutation of flow states within the boundary and free shear layers and the presence or absence of a plug layer.
From the table it becomes apparent that the flows observed in this study correspond to a subset of a wider range of possible flow structures. However, the cases X1 to X3 can be argued to have low probabilities of occurrence, as will be explained in the following paragraphs. The table also hypothesizes the existence of a top and base transitional PF (TBTPF) with a turbulent free shear layer, a plug layer, and a turbulent boundary layer. Although such a flow was not observed in this study, its existence is hypothesized here. The flow types in the classification of Baas et al. (2009) for subaerial flows extensively classify the evolutionary stages of a turbulent boundary layer in the vicinity of a plug layer and therefore cover the plug and boundary layer regions of a TBTPF. However, more work is needed to demonstrate the occurrence and characteristics of TBTPFs.
The cases X1 and X3 in Table 2 are predicted to have a laminar free shear layer and a turbulent boundary layer. The existence of an inflection point within the velocity profile of the free shear layer results in the existence of inviscid instability and possibly a lower critical Reynolds number (White, 1991) . Although, this effect may to some extent be counteracted by the stratification and influence of the buoyant force on suppressing the growth of disturbances (Nappo, 2002) , the inviscid instability theory suggests possibly earlier transition of the free shear layer to turbulence than the boundary layer. Therefore, a flow with a laminar free shear layer and a turbulent boundary layer, cases X1 and X3 in Table 2 , seems to have a low probability occurring.
The case X2 in Table 2 is predicted to have a laminar free shear layer, no plug layer, and a laminar boundary layer. From equation (3), for a subaerial clay-laden flow in equilibrium conditions with only gravitational and shear stress forces one has
where H is the flow height. From equation (16), it can be deduced that for a yield stress fluid, that is, y ≠ 0, with no shearing at the top, the plug layer cannot disappear, that is,
For a subaqueous clay-laden flow the plug may be sheared away by the stresses at the top. However, then the density must be high enough for the gravitational force of the sheared laminar top layer to overcome the fluid yield stress and hence induce a flow, and low enough to avoid a plug layer to be created. Such a flow, case X2 in Table 2 , seems to have a low probability of occurrence.
Flow Regime
In order to connect the regimes of each flow type introduced here with those of analogue large-scale flows in nature, appropriate scaling parameters are necessary. Scaling of the boundary and free shear layers can be achieved using the usual Reynolds and Froude numbers. Furthermore, the evaluation of the existence of a plug region is accomplished here with the dimensionless parameter y ∕Δ (Figure 6 ). In this way, a flow type can be associated with a natural large-scale density flow, or vice versa, using a Froude number, two Reynolds numbers, and a nondimensional yield stress parameter, y ∕Δ . Figure 15 depicts the boundary layer Reynolds number versus the Froude number for all the runs. The orange line corresponds to the beginning of the turbulent region with a Reynolds number of 500.
Boundary Layer Scaling
The four observed flow types, PF, TTPF, TTC, and TC, are marked by yellow, orange, brown, and green, respectively. Moving from the left to the right in Figure 15 , it can be seen that PFs dominate the regions with low boundary layer Reynolds and Froude number. On average, TTPFs and TTCs have higher boundary layer The inset plots in Figure 15 are the velocity profiles of selected runs. It can be seen that by moving from PFs toward TTPFs, the plug layer diminishes in size and finally disappears for TTCs and TCs. Figure 16 depicts the free shear layer Reynolds number versus the Froude number for all the runs.
Free Shear Layer Scaling
The flow types in this figure follow a trend similar to that of Figure 15 . PFs dominate the regions with low free shear layer Reynolds and Froude number. On average, TTPFs and TTCs have higher free shear layer Reynolds and Froude numbers compared to PFs. The separation of TTPFs from TTCs seems to be better than in Figure 15 . TCs dominate the high free shear layer Reynolds number regions of the figure.
The inset plots in Figure 16 are the velocity profiles of selected runs and represent each flow type. The log profiles of the deposits that were emplaced by the majority of the runs, containing the different flow types, are also depicted. Moving from low to high Reynolds numbers, it can be seen that the thick mud-sand deposit that is present for clay-rich flows diminishes in thickness and more sand is deposited from the body of the flow. TCs result in the deposition of most sand. However, at high Reynolds numbers very little deposit is emplaced by the TCs and most of the sediment is bypassed into the basin.
Plug Layer Scaling
In order to classify a flow as a TTC or as a TTPF, it is necessary to relate the existence of a plug layer to the physical properties of a density flow. Figure 17 depicts the nondimensional yield stress parameter, y Δ , as a function of the boundary layer Reynolds number for all the runs. The data in this figure suggest that below the approximate value of y Δ = 0.25 the plug layer disappears. This threshold is depicted with a dashed horizontal line to convey that this boundary may not be a horizontal or a linear boundary.
Discussion of Scaling Parameters
In this study density flows are treated as flows of non-Newtonian fluids. Writing the Navier-Stokes equations for such flows and scaling the equations results in Reynolds and Froude numbers as scaling parameters. The complexities which arise due to various stresses that accompany momentum transport within the mixture (Iverson, 1997) are buried in the apparent viscosity term here obtained from rheometry experiments. The complication which arises here is the problem of connecting the scaling parameters that characterize very low The log profiles of the deposits that were emplaced by the majority of the runs, corresponding to the different flow types, are also depicted. Three deposit types were observed for TCs, as was explained in Figure 13 for run 25. PF = plug flow; TTPF = top transitional PF; TTC = transitional turbidity current; TC = turbidity current.
concentration turbulent flows to the scaling parameters that characterize clay-rich laminar flows. An attempt to overcome this complication, which has been followed here, is to separate the flows into regions with different flow regimes, that is, a free shear layer, a plug layer, and a boundary layer. The free shear and boundary layers in general have different Reynolds numbers, and consequently, one may be laminar while the other is turbulent. For TCs, the Reynolds Number crucially controls the deposits. Flows with higher Reynolds numbers support more sand, while flows with lower Reynolds numbers do not efficiently separate the sand from the clay, and hence, result in the deposition of mud-sand mixtures. Figure 16 suggests that there exists a TC with certain Reynolds and Froude numbers which can result in the maximum clean sand deposition.
The fact that at approximately y Δ < 0.25 the plug layer disappears is reminiscent of the Richardson number criterion of stability which states that dynamic instability occurs for 0 ≤ Ri ≤ 1∕4, while for 1∕4 < Ri the flow is stable (Nappo, 2002) . This point, however, requires further investigation.
Conclusions
Based on the state of the free shear and boundary layers and existence of a plug, a clay-rich density flow may fall within one of four distinct flow types: (1) a clay-rich PF, (2) a TTPF, (3) a TTC, and (4) a turbulent turbidity current (TC). These flow types were observed in this study, and we have demonstrated that they can be distinguished in measurements performed on experimental density flows.
It was observed that clay-rich PFs resulted in either no deposition or deposition of a thin bottom sand layer. TTPFs and TTCs were mostly characterized by a thin bottom sand layer. The bottom sand layers in PFs, TTPFs, and TTCs were overlain by a mud-sand mixture that was emplaced by the tail of the flow. TCs resulted in the deposition of a thick massive bottom sand layer which was overlain by either a mud-sand mixture or a sand and silt planar lamination from the tail of the flow. In all cases a mud drape was deposited on top of the deposits after the runs were terminated.
The free shear and boundary layers in general have different Reynolds numbers, and consequently, one may be laminar while the other is turbulent. PFs on average have lower Reynolds and Froude numbers compared to TTPFs and TTCs. TCs have the highest Reynolds numbers. However, on average they seem to have lower Froude numbers compared to TTPFs and TTCs.
It was observed that in moving from low to high Reynolds numbers, the thick mud-sand deposit that is emplaced by the tail of the flow diminishes in thickness and more sand is deposited from the body. At high Reynolds numbers turbulent energy can be high enough to support the heavier grains. As a result, very little deposit may be emplaced by the flow. Flows with low Reynolds numbers, on the other hand, do not have enough turbulent energy to efficiently separate the sand from the clay, and hence, result in very little sand deposition. Therefore, the Reynolds versus Froude number plots suggest the existence of a flow within the turbulent regime that may produce clean sand deposits.
The Fr, Re BL , Re FSL , and y ∕Δ parameter space presented here can be used to separate flow types and to connect the small-scale flume experiments to large-scale natural flows. The establishment of regime maps of our classification will allow numerical modelers to determine whether their flows are in a conventional TC regime or whether they need to account for any of the more complex structures arising from the clay in the flows. The linkage between flow structures and depositional characteristics will enable better flow process interpretations from hybrid bed sequences studied by outcrop sedimentologists. Application of the results of this study to large-scale natural flows and their deposits is the scope of future research.
